ABSTRACT A common link between the induction of leukemia by (i) fractionated doses of x-irradiation and (ii) radiation leukemia virus in mice may be established by the observation that the segment of chromosome 2. between the loci for the minor histocompatibility antigen H-30 and color coat agouti (H-30-A) includes distinct loci involved in susceptibility to leukemogenesis induced by factors i and ii.
heparinized tubes, yielding about 0.5 ml of blood, which was treated once with Tris/ammonium chloride to lyse the erythrocytes. The remaining lymphocytes (about 8 X 105) were added to four test tubes, two of which received 50 ,ul of a 1:20 dilution of antiserum against the lymphocyte antigen Ly-11.2, and the others received 50 ,ul of serum diluted 1:20 from unimmunized mice (NMS). Incubation was for 30 min. The cells were diluted with 1 ml of phosphate-buffered saline/fetal calf serum, centrifuged, and resuspended in 50 ,u1 of a 1:10 dilution (2.5 ,ug) of '"I-labeled protein A [specific activity, 1,920 Ci/ mmol (Amersham); 1 Ci = 3.7 X 1010 becquerels] to give 1.5 X 105 cpm per tube. After 30 min at room temperature, the cells were washed three times. The pellets were transferred to new tubes and assayed for radioactivity in a Beckman gamma counter 4000. RESULTS Involvement of Distinct Genes. Recombinant inbred (RI) lines of mice may be used to assess linkage of various genetic loci (23, 24) . Such RI strains are constructed by crossing two strains of mice and inbreeding F2 offspring to homozygosity (24) . Loci that are linked tend to stay in the same initial parental combination (24) , and this can be used to infer linkage relationships. We used the CXB/By series (23) of seven RI lines to map loci involved in susceptibility to FX-and RadLV-induced leukemia. These studies demonstrated that distinct genes are involved in susceptibility to leukemia induced by FX and RadLV. For example, some of the RI strains, such as CXBG were highly susceptible to the induction ofleukemia by FX but resistant to induction by RadLV, and some such as CXBD showed the reverse pattern (Fig. 1B) .
Two Loci Control Susceptibility to FX-Induced Leukemia. C57BL/6 and BALB/c were moderately susceptible to FX-induced leukemia (61% and 44% leukemia incidence at 250 days, respectively), but the susceptibility of CXBG mice (80% leukemia incidence at 250 days) approached the sum of the susceptibilities of both parents (Fig. 1A) . The remaining six RI strains (CXBD, CXBE, CXBH, CXBI, CXBJ, and CXBK) were more resistant than either parent (Fig. 1A) . To account for these observations we postulate that at least two genes are involved in susceptibility to FX.
One may postulate that each of the parental strains, C57BL/ 6 and BALB/c, might have the susceptible allele at one of the two loci and the resistant allele at the other. For example, C57BL/6 would bear the susceptible allele at locus a and the resistant allele at locus b (i.e., asasbrbr). BALB/c would have the reciprocal genotype ararbsbs. The high susceptibility of recombinant CXBG mice is explained by assuming these mice bear the susceptible allele at both loci (i.e., asasbsbs). The remaining six RI strains bear the resistant allele at both loci (i.e., ararbrbr).
The two-locus model' was tested in an intercross of C57BL/ 6 and BALB/c mice (4, 9) . The genotypes of C57BL/6 and BALB/c were associated with final leukemia incidences of 61% and 44%, respectively. Heterozygous (C57BL/6 X BALB/c)Fj mice showed a final incidence lower than that of either parent (24%), suggesting that the resistant alleles at both loci (a and b) are dominant over the susceptible ones. If two loci are involved (i.e., a and b), F2 progeny would be expected to have nine possible genotypes, each ofwhich is associated with a distinct leukemia-incidence phenotype (Table 1) .
Using such incidences and genotypic frequencies, we calculated the expected number of susceptible and resistant offspring to be attained (Table 1) . It should be stressed that at the moment we are unable to genotype any particular F2. Rather, we observed the actual overall leukemia incidence for 96 F2 mice and asked whether the observed numbers, 42 susceptible and 54 resistant, are consistent with the predictions of a twolocus model, 37 susceptible and 59 resistant. x2 analysis sugAbbreviations: FX, fractionated doses of x-irradiation; RadLV, radiation-induced leukemia virus; RI, recombinant inbred.
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Chromosomal Location of Loci Involved in Susceptibility to FX-Induced Leukemia. We have found (21) that loci on chromosomes 1, 2, and 4 (Ril-3, Ril-i, and Ril-2, respectively) are involved in susceptibility to FX-induced leukemia in (A/J x BlO)F2 mice. Ril-3, on chromosome 1, is close or identical to the xenotropic virus inducibility locus Bxv-1. Ril-2 is close or identical to the chromosome 4 locus XenCSA, which has been shown to determine xenotropic MuLV envelope-related cell surface antigens. Ril-i, a locus on chromosome 2, has an overriding influence in susceptibility to the disease. However, similar studies have not been done in C57BL/6 and BALB/c mice until now.
Evidence that Ril-i maps to chromosome 2 in C57BL/6 mice was obtained with a different set of RI lines. DBA/2 mice were completely resistant to FX-induced leukemia, but C57BL/6 mice were susceptible (O and 61% leukemia incidence, respectively, at 250 days after FX). The BXD RI strains are derived from an intercross of C57BL/6 and DBA/2 mice. In this cross, only loci from the C57BL/6 mice should affect susceptibility to leukemia because DBA/2 mice are totally resistant. The results suggest that the major locus affecting susceptibility to leukemia in these RI strains is located on chromosome 2. This conclusion was reached by comparing the strain segregation pattern ofsusceptibility to FX-induced leukemia to a computer printout ofthe pattern for all traits mapped in the BXD series (B. Taylor, personal communication) and selecting the best match (data not shown).
The chromosomal location of Ril-i in C57BL/6 mice can be more accurately determined by its relationship to the minor histocompatibility locus H-30, which has been positioned to the left of Ly-il on chromosome 2 ( Fig. 2) (25) . Congeneic mice differing at H-30, C57BL/6 and B6.C-H-30c, differed markedly in susceptibility to FX-induced leukemia (Fig. 3) . The simplest interpretation of the combined data from the BXD RI line and the H-30 congeneic mice is that, in C57BL/6 mice, Ril-i maps adjacent to H-30 on chromosome 2.
The finding with H-30 congeneic mice also favors the twogene model because BALB/c and C57BL/6 mice are both susceptible to FX-induced leukemia, yet B6. C-H-30c mice are highly resistant to the leukemogenic effects of FX. Because B6. C-H-30c mice derived their H-30 from BALB/c (26), it would appear that the introduction of the BALB/c genetic material in this region of C57BL/6 mice was sufficient to convert their phenotype from susceptible to resistant. If the BALB/c and C57BL/6 loci affecting susceptibility to FX-induced leukemia were allelic, substitution ofone allele for the other would at best lower susceptibility slightly, not decrease it dramatically as observed. The simplest conclusion is that susceptibility in BALB/c and C57BL/6 mice is encoded by different loci (e.g., b and a, respectively). Because The Same Chromosomal Region Is Involved in Susceptibility to Transformation by FX and RadLV. The preceding findings established that distinct genes are involved in susceptibility to leukemia induction by FX and RadLV. Linkage between susceptibility to leukemia induction by the Kaplan strain of RadLV and 16 loci mapping in 10 different murine chromosomes was examined (data not shown). These traits were coat color or texture genes In, fz, ma, vaJ, bg, Ca, A, pa, c, and b on chromosomes 1, 1, 3, 3, 13, 15, 2, 2, 7, and 4, respectively. Lymphocyte determinants Ly-1, Ly-2, Ly4, Ly-6, Ly-li, and Thy-i on chromosomes 19, 6, 2, 2, 2, and 9 were examined also. Significant linkage was found only with Ly4, Ly-li, and Ly-6, all in chromosome 2 (linkage between susceptibility to the leukemic induction by other strains of RadLV has not been examined and may differ). For example, a high association between Ly-11, a lymphocyte differentiation antigen on chromosome 2, and sus- Genetics: Meruelo et al.
ceptibility to RadLV-induced leukemia was found when these traits were examined in (A/J X C57BL/6)F2 progeny (Table 2) . Thus, RLVil-1 can be mapped to the same chromosome as Ril-
RLVil-1 could be located in the region between minor histocompatibility locus H-3 and coat color locus agouti (A) as determined by use of congeneic inbred mouse strains differing at chromosome 2 loci. For example, BlO.CE(30NX) mice were congeneic with B10 mice and differed at the H-3-A region of chromosome 2 (Fig. 2 ), yet they were much more susceptible to the induction of leukemia by RadLV (Fig. 4B) (another antigen on this chromosome 2 segment; Fig. 2 ).
The hypothesis that RadLV and FX induce the expression of proviral/cellular oncogenes, of course, does not require that RLVil-1 and Ril-i be proviral for cellular oncogenes or that they be linked. However, it is of some interest that the Abelson virus-associated oncogene (c-abl) maps to chromosome 2 (P. D'Eustachio, personal communication; ref. 28) . Our data (25) strongly suggest that H-36 maps to the left of H-3 on chromosome 2 (Fig. 2) . Although there is no implied coincidence between c-abl and H-36, preliminary enzyme restriction analysis of C57BL/6, B6.C-H-36c (a congeneic pair of mouse chains differing at H-36) suggests that c-abl maps at H-36 (unpublished data).
It has been pointed out by others that the role of RadLV in the etiology of FX-induced leukemia is not clearly established (7) (8) (9) (10) (11) (12) (13) 16 (29) .
